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Strong contact sensitizers are able to induce distinct sig-
nal transduction mechanisms in antigen-presenting
cells by coupling to cell proteins. The predominant tar-
get structures of haptens are thought to be thiol and
amino groups in cysteine and lysine residues.We studied
whether coupling of small reactive chemicals to thiol or
amino groups might be responsible for the activation of
monocytes and mature monocyte-derived dendritic
cells. Human peripheral blood mononuclear cells were
stimulated in vitro with subtoxic concentrations of the
strong haptens 5-chloro-2-methylisothiazolinone plus
2-methylisothiazolinone and 2, 4, 6-trinitrochloroben-
zene, the thiol-reactive reagents N-hydroxymaleimide
and N-ethylmaleimide, as well as the amino-reactive
compounds sulfosuccinimidyl acetate and 2-imino-
thiolane. Flow cytometric quanti¢cation of tyrosine
phosphorylation in CD14þ monocytes showed that
5-chloro-2-methylisothiazolinone plus 2-methyliso-
thiazolinone, 2, 4, 6-trinitrochlorobenzene, N-hydroxy-
maleimide, and N-ethylmaleimide but not sulfosucci-
nimidyl acetate and 2-iminothiolane strongly induced
this process. Tyrosine phosphorylation induced by 5-
chloro-2-methylisothiazolinone plus 2-methylisothia-
zolinone and 2, 4, 6-trinitrochlorobenzene was comple-
tely prevented in the presence of cysteine but not lysine,
suggesting a competitive mechanism between cysteine
and sulfhydryl groups of cell proteins. Using the mouse
ear swelling test N-hydroxymaleimide could be classi-
¢ed as a signi¢cant contact allergen in comparison to
2, 4, 6-trinitrochlorobenzene, whereas no sensitizing
potential became apparent for sulfosuccinimidyl acetate
and 2-iminothiolane. Western blot analysis on mono-
cytes and mature monocyte-derived dendritic cells
con¢rmed the £ow cytometric data for tyrosine phos-
phorylation and demonstrated a selective capacity of
haptens and thiol-reactive compounds to activate
ERK1/2 mitogen-activated protein kinase. Our data
show that strong a⁄nity of a small reactive chemical
toward thiol groups is important for the activation of
monocytes and monocyte-derived dendritic cells and
can support the process of sensitization. Key words: thiol
groups/amino groups/signal transduction/hapten. J Invest
Dermatol 120:233 ^238, 2003
T
here is plenty of evidence for the capacity of contact
sensitizers to activate epidermal Langerhans cells.
Although some events might be induced indirectly
by cytokines derived from other epidermal cell po-
pulations several studies demonstrated a direct in£u-
ence of haptens on cellular and molecular changes in dendritic
cells (DC) and other major histocompatibility complex (MHC)
class II positive cell populations. This includes increased recep-
tor-mediated endocytosis of membrane molecules by Langerhans
cells (Becker et al, 1992; 1995), cytokine production and upregula-
tion of membrane markers in monocyte-derived dendritic cells
(mo-DC) (Aiba et al, 1997; Rougier et al, 2000; Tuschl et al,
2000), and induction of mRNA for interleukin-1b (IL-1b)
(Pichowski et al, 2001). We were able to demonstrate a vigorous
phosphorylation of tyrosine residues in di¡erent populations of
human MHC class II positive cells following stimulation with
structurally nonrelated contact sensitizers (Kˇhn et al, 1998) and
con¢rmed the relevance of these ¢ndings for murine Langerhans
cells (Neisius et al, 1999). Recently, Arrighi et al (2001) reported on
the activation of the p38 mitogen-activated protein kinase
(MAPK) in human mo-DC by dinitro£uorobenzene and nickel
sulfate. Using human monocytes as model cells we found similar
results and especially a remarkable translocation of p38 MAPK
from the cytoplasm to membrane-associated compartments
(Brand et al, 2002).
At present, the structures to which contact sensitizers have to
bind for initiation of these signaling cascades are unknown. From
a theoretical point of view haptens are thought to bind predomi-
nantly to thiol and amino groups in cysteine and lysine residues
of cell proteins (Roberts and Lepoittevin, 1998). A good reactivity
to amino as well as thiol groups has been demonstrated for 2, 4,
6-trinitrochlorobenzene (TNCB) and other experimental contact
sensitizers in vitro (Parker et al, 1983). For mercury compounds
(Rosenspire et al, 1998; Santucci et al, 1998; 1999) and 5-chloro-2-
methylisothiazolinone plus 2-methylisothiazolinone (MCI/MI)
(Gruvberger and Bruze, 1998) a direct interaction between hapten
and thiol groups has been shown or at least supposed.
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From experiments on the capacity of thiol antioxidants to
block the activation of cells by contact sensitizers (Bruchhausen
et al, submitted) we concluded that coupling to thiol groups
might be very important for this process. In this paper we studied
whether de¢ned thiol- or amino-reactive reagents would be able
to resemble the activation process induced by contact sensitizers.
MATERIALS AND METHODS
Culture of mo-DC Human mo-DC were prepared from peripheral
blood mononuclear cells (PBMC) by short-term adherence in the
modi¢cation described by Jonuleit et al (1997). Brie£y, PBMC were
isolated from leukocyte-enriched bu¡y coats (Transfusion Center, Mainz,
Germany) by Ficoll-Paque 1.077 (Biochrom, Berlin, Germany) and
incubated (45 min, 371C, 5% CO2) in six-well plates (Greiner,
Frickenhausen, Karlstahe, Germany) using RPMI 1640 medium (Life
Technologies) supplemented with 3% autologous plasma. Non-adherent
cells were removed by washing gently with phosphate-bu¡ered saline
(PBS). The remaining cells were cultured in RPMI with 5% autologous
serum, 1000 U per ml IL-4 (Strathmann Biotech, Hannover, Germany),
and 800 U per ml granulocyte-macrophage colony stimulating factor
(GM-CSF) (Leucomax, Sandoz, Basel, Switzerland). Cells were fed every
other day with RPMI, 5% autologous serum, IL-4 (1000 U per ml), and
GM-CSF (800 U per ml). On day 7 the medium was supplemented with
10 ng per ml IL-1b (Strathmann Biotech), 10 ng per ml tumor necrosis
factor a (Strathmann Biotech), and 1 mg per ml prostaglandin E2
(Minprostin, Pharmacia & Upjohn, Heppenheim, Germany). Mature DC
were harvested on day 9. The phenotype of DC was determined by £ow
cytometry as 70% CD83þ, 4 80% CD86þ , and 4 90% MHCIIþ ;
viability routinely exceeded 90% as determined by propidium iodide
staining.
Stimulation of PBMC with chemicals Human PBMC (106 per ml)
were stimulated in vitro with subtoxic concentrations of the strong haptens
MCI/MI (Hermal, Reinbeck, Germany) and TNCB (ICN, Costa Mesa,
CA), the thiol-reactive reagents N-hydroxymaleimide (NHM), N-
ethylmaleimide (NEM), iodoactetamide, and sodium tetrathionate (all
obtained from Sigma, St. Louis, MO), as well as the amino-reactive
compounds sulfosuccinimidyl acetate (sulfo-NHS, Pierce, Rockford, IL)
and 2-iminothiolane (Pierce) for 15 min at 371C in RPMI medium. If
indicated 10 mM cysteine (Sigma) or 10 mM lysine (Roth, Karlsruhe,
Germany) was present during incubation. Stock solutions of TNCB were
prepared in dimethylsulfoxide; the other chemicals were dissolved in
culture medium immediately before use. The ¢nal concentration of
dimethylsulfoxide never exceeded 0.1%.
Flow cytometric analysis To perform intracellular £uorescence-
activated cell sorter (FACS) analysis, PBMC were permeabilized
immediately after stimulation with PBS/1% fetal bovine serum (FBS)/
0.25% saponine (Roth) and stained by phycoerythrin-conjugated anti-
CD14 (10 mg per ml; Immunotech, Marseille, France) in combination
with £uorescein isothiocyanate conjugated antiphosphotyrosine (PY20-
FITC; 4 mg per ml; Leinco Technologies, St. Louis, MO) dissolved in
PBS/1% FBS/0.25% saponine for 20 min at 41C. Finally, samples were
washed twice in cold washing bu¡er (PBS/1% FBS/0.25% saponine).
Fluorescence intensities in channel 1 (phosphotyrosine) were recorded
for cells gated in channel 2 (CD14þ ) using a FACScalibur £ow cytometer
(Becton Dickinson, Heidelberg, Germany) equipped with the CellQuest
software. Standard calibration procedures were used following the
recommendation of Becton Dickinson. The level of signi¢cance for a
di¡erence between medium treated and stimulated cells was calculated
using a paired Student t test.
Measurement of IL-1b production by enzyme-linked immuno-
sorbent assay (ELISA) PBMC were resuspended in Iscove’s medium/
1% autologous plasma and seeded onto a 12-well plate (8106 cells per
well). After 45 min the nonadherent cells were removed by washing with
warm PBS. After stimulation with MCI/MI (0.4 mg per ml), NHM (25 mg
per ml), 2-iminothiolane (400 mg per ml), and sulfo-NHS (2 mg per ml)
for 15 min, the mediumwas aspirated and replaced by 1.5 ml fresh medium
containing 1% autologous plasma.
Supernatants were collected after 24 h and assessed for IL-1b production
by ELISA according to the recommendations of the distributor of the pair
of antibodies employed (R&D Systems, Wiesbaden, Germany). Brie£y,
Maxisorp Nunc Immunoplates (Nunc,Wiesbaden, Germany) were coated
overnight at 41C with 2 mg per ml capture antibody diluted in 0.1 M
NaHCO3, pH 8.2. After washing with PBS/0.05% Tween-20, the plates
were blocked for 2 h at 371C with PBS/1% bovine serum albumin. Serial
dilutions of the provided standards (R&D Systems) and collected
supernatants were incubated overnight at 41C. The next day the plates
were washed and incubated at 371C for 1 h with 10 ng per ml biotinylated
detection antibody, diluted in PBS/0.1% bovine serum albumin. After
washing, 2.5 mg per ml peroxidase-conjugated avidin (Sigma) was added
for 30 min. The plates were then developed with ABTS and read in a
microplate reader model 450 (Bio-Rad) at 405 nm. IL-1b concentration
was calculated according to the standard curves with a detection limit of
16 pg per ml. IL-1bvalues after stimulation were calculated as percentage of
the corresponding medium control. The level of signi¢cance for a positive
di¡erence between medium treated and stimulated cells was calculated
using a paired Student t test.
Preparation of cell extracts, sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis, and Western blot 5106
enriched monocytes or 1106 mature mo-DC were stimulated as
indicated in culture medium or PBS. Cells were resuspended in 50 ml ice-
cold lysis bu¡er (50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2,
1 mM ethylenediamine tetraacetic acid, 10% glycerol, 1% Triton X-100,
1 mM phenylmethylsulfonyl £uoride, 10 mg per ml aprotinin, and 1 mM
sodium orthovanadate) and incubated on ice for 30 min. Insoluble
material was spun down (10 min, 14,000 rpm, 41C) and clear supernatants
were stored at ^701C. Protein content of the lysates was determined by
BCA protein assay (Pierce). Cell lysates were mixed with loading bu¡er
(Roti Load, Roth), heated for 5 min at 961C, and resolved on 8% SDS
polyacrylamide gels (100 mg per lane) using standard procedures. Proteins
were transferred to PVDF membranes (Millipore, Bedford, MA) by
semidry blotting (Bio-Rad, Hercules, CA) in blotting bu¡er (Roti-Blot
A, Roti-Blot K, Roth). Membranes were blocked for 1 h in blocking
bu¡er (1PBS, 0,1% Tween-20, 5% nonfat dry milk powder) and
incubated with the following primary antibodies: mouse
antiphosphotyrosine (clone 4G10; 0.5 mg per ml; Upstate Biotechnology,
Lake Placid, NY), rabbit anti-p-ERK1/2 or rabbit anti-p-p38 (dilution
1:1000, New England Biolabs, Beverly, MA). The src-kinase Lyn was
detected as control for equal protein loading (anti-Lyn; Santa Cruz
Biotechnology, Santa Cruz, CA; dilution 1:1000). After washing,
antimouse horseradish peroxidase (0.2 mg per ml, Dianova) or antirabbit
horseradish peroxidase (dilution 1: 2000, New England Biolabs) was
added. All antibodies were diluted in blocking bu¡er. Blots were
developed using chemiluminescence (ECL Plus, Amersham,
Buckinghamshire, U.K.). For sequential detection of di¡erent antigens
membranes were stripped (40 min at 501C in 62.5 mM Tris^HCl, 2%
SDS, 100 mM b-mercaptoethanol, pH 6.7) and reprobed.
Mouse ear swelling test Both sides of the left ears of 8^12-wk-old
Balb/c mice of both sexes were painted with 15 ml each of 120 mM
TNCB, NHM, sulfo-NHS, and 2-iminothiolane on days 1, 2, and 3.
TNCB was dissolved in ethanol, the other compound in ethanol/aqua
dest. (50%/50%). At day 6, 40 mM of the respective compounds were
applied on both sides of the right ears. Ear thickness was recorded before
and 24 h after challenge using an engineer’s micrometer. Control animals
received vehicle alone, the sensitizing or challenging dose at day 1, and
were measured at day 2 to monitor any irritant e¡ects. For this set of
experiments the level of signi¢cance for a di¡erence between vehicle
control and applied chemical was calculated using a paired Student t test.
All animal experiments were performed according to the guidelines and
with the permission of the government of Rheinland-Pfalz.
RESULTS
Contact sensitizers and thiol-group-reactive compounds
but not amino-group-reactive chemicals induce tyrosine
phosphorylation in monocytes MCI/MI and TNCB as well
as the thiol-group-speci¢c reagents NHM (Freed et al, 1986) and
NEM (Majima et al, 1993) strongly induced tyrosine
phosphorylation in CD14þ monocytes (Fig 1). In contrast sulfo-
NHS and 2-iminothiolane, two common amino-group-speci¢c
reagents (Donovan and Jennings, 1986; Meunier et al, 1999) failed
to induce tyrosine phosphorylation (Fig 1). A clear dose-response
relationship became apparent for the activating compounds
whereas neither sulfo-NHS nor 2-iminothiolane showed any
reactivity even in the highest concentration used (Fig 2). To
exclude that the induction of tyrosine phosphorylation might
be a speci¢c feature of maleimides, control experiments
were performed using the structurally nonrelated thiol-reactive
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compounds iodoacetamide (Crow et al, 2001) and sodium
tetrathionate (Mammoto et al, 1997). Both were able to induce
tyrosine phosphorylation in CD14þ monocytes (iodoacetamide
370 mg per ml, relative mean increase 467%7131%, n¼15,
p¼ 0.02; sodium tetrathionate 10 mg per ml, relative mean
increase 254%794.5%, n¼ 6, p¼ 0.01). Toxic e¡ects were
excluded in pilot experiments using propidium iodide as marker
for cell damage (data not shown); all compounds were studied
using the highest but still subtoxic range of concentration.
Cysteine but not lysine blocks tyrosine phosphorylation
induced by MCI/MI and TNCB The capacity of cysteine and
lysine to modulate the degree of tyrosine phosphorylation in
CD14þ monocytes under stimulation with MCI/MI and TNCB
was explored. Cysteine but not lysine completely blocked any
tyrosine phosphorylation, suggesting a competitive in£uence of
free thiol groups but not amino groups on the mechanism
responsible for the activation of tyrosine kinases by both contact
sensitizers (Fig 3).
NHM and MCI/MI but not amino-group-reactive
compounds induce IL-1b secretion by monocytes Human
monocytes were enriched by adhesion and stimulated with
MCI/MI, NHM, 2-iminothiolane, and sulfo-NHS before
subculture for 24 h. IL-1bwas measured in culture supernatants
by ELISA. In comparison to the basal production of
unstimulated cells (mean 30.5 pg per ml, SEM 19.5 pg per ml) a
signi¢cant liberation of IL-1bwas found for MCI/MI and NHM
(p o 0.05) but not for the two amino-reactive compounds (Fig
4). Therefore NHM resembles the e¡ect of a strong contact
sensitizer by induction of this important cytokine for the
sensitization phase of allergic contact dermatitis (Enk et al, 1993).
Figure1. Induction of tyrosine phosphorylation by strong contact
sensitizers and thiol-reactive reagents but not by amino-reactive
compounds. PBMC were incubated for 15 min with the strong contact
sensitizers MCI/MI and TNCB, the thiol-reactive reagents NHM and
NEM, and the amino-reactive compounds 2-iminothiolane and sulfo-
NHS and analyzed for the amount of tyrosine-phosphorylated proteins
using £ow cytometric analysis. Histograms for the binding of phosphotyro-
sine-speci¢c antibodies to CD14+ monocytes are shown. Concentrations
used for stimulation and the mean total £uorescence intensities are indicated.
Figure 2. Dose-response relationship for the induction of tyrosine
phosphorylation by contact sensitizers NHM and NEM. CD14+
monocytes stimulated with the compounds and concentrations indicated
were analyzed by £ow cytometry. Means7SEM of the total £uorescence
intensities determined in ¢ve independent experiments are shown. A dose-
related signi¢cant increase can be noticed for MCI/MI,TNCB, NHM, and
NEM (po 0.01 is indicated by an asterisk).
Figure 3. Tyrosine phosphorylation induced by MCI/MI and TNCB
is blocked in the presence of cysteine but not lysine. PBMC were sti-
mulated with MCI/MI and TNCB in the presence or absence of 10 mM
cysteine or lysine. Selective analysis of tyrosine phosphorylation in CD14+
monocytes was performed by £ow cytometry. Means7SEM of the total
£uorescence intensities determined in six independent experiments
are shown. An asterisk indicates signi¢cance (p o 0.01) for the di¡erence
between stimulated cells and the medium control.
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NHM but not amino-group-reactive compounds induce
contact hypersensitivity in mice The capacity of NHM,
sulfo-NHS, and 2-iminothiolane to sensitize Balb/c mice was
compared to TNCB by testing equimolar concentrations in a
modi¢ed mouse ear swelling test (Garrigue et al, 1994). All
animals were sensitized by the strong experimental hapten
TNCB using a moderate concentration (Enk et al, 1994;
Steinbrink et al, 1996). Whereas at least three of six animals
responded signi¢cantly to NHM, no evidence for a sensitizing
potential of the other two compounds was found (Fig 5).
Experiments performed to monitor any irritant potential
showed that none of the compounds was irritant when used at
40 mM (elicitation). The sensitizing dose (120 mM) of TNCB
was found to be moderately irritant (po 0.01) whereas the three
thiol- or amino-speci¢c reagents were well tolerated (Fig 6).
NHM and NEM induce a contact-sensitizer-like pattern
of tyrosine-phosphorylated proteins and activate MAPK
Biochemical analysis on enriched monocytes stimulated with
NHM revealed augmented phosphorylation of several protein
bands in comparison to medium treated cells and resembled the
pattern seen for the strong contact sensitizer TNCB (Fig 7A). As
reported before (Kˇhn et al, 1998) this correlated very well with
the increase in total tyrosine phosphorylation as monitored by
FACS analysis.
To obtain data for professional antigen presenting cells
£ow cytometric analysis on mature mo-DC was set up and
demonstrated a similar response upon stimulation with con-
tact sensitizers and thiol-reactive compounds as noticed for
monocytes (data not shown). A detailed biochemical analysis on
mature mo-DC stimulated with sulfo-NHS, 2-iminothiolane,
NHM, NEM, MCI/MI, and TNCB revealed augmented
Figure 4. Monocytes secret IL-1b following stimulation with MCI/
MI and NHM but not amino-reactive compounds. Enriched mono-
cytes were stimulated as indicated and cultured for 24 h. IL-1bwas deter-
mined in culture supernatants using an ELISA technique. Means7SEM of
four independent experiments are shown (po 0.05 is indicated by an asterisk).
Figure 5. Induction of contact hypersensitivity in Balb/c mice by
TNCB and NHM but not sulfo-NHS and 2-iminothiolane. The ca-
pacity of NHM, sulfo-NHS, and 2-iminothiolane to induce contact hy-
persensitivity in a modi¢ed mouse ear swelling test was compared to
TNCB as control for a potent contact sensitizer. Sensitization was per-
formed with 120 mM and elicitation with 40 mM of each compound.
The di¡erence in ear thickness between the solvent control and treated an-
imals from three independent experiments with two animals in each group
is indicated.
Figure 6. Only the sensitizing dose of TNCB is moderately irritant.
Ear thickness measured 24 h after application of the sensitizing and elicitat-
ing doses of TNCB, NHM, sulfo-NHS, and 2-iminothiolane is shown in
comparison to the solvent control. Means7SEM of three independent ex-
periments with two animals in each group are shown (po 0.01 is indicated
by an asterisk).
Figure 7. Contact sensitizers and thiol-reactive but not amino-reac-
tive reagents induce phosphorylation of tyrosine residues and
MAPK. (a) Western blot analysis of enriched monocytes stimulated with
TNCB and NHM reveals a similar pattern of tyrosine-phosphorylated
proteins. Enriched monocytes were stimulated with 0.8 mg per ml TNCB
or 25 mg per ml NHM.The pattern of tyrosine-phosphorylated proteins is
shown in comparison to the medium control. The total £uorescence inten-
sities for tyrosine-phosphorylated proteins of these cells as assessed by £ow
cytometry are as follows: medium 4.4;TNCB 40.3; NHM 34.8. The blot is
representative for three di¡erent experiments with comparable results. (b)
Mature mo-DC were stimulated with 2 mg per ml sulfo-NHS, 400 mg
per ml 2-iminothiolane, 25 mg per ml NHM, 25 mg per ml NEM, 0.8 mg
per ml MCI/MI, and 0.8 mg per ml TNCB. Tyrosine-phosphorylated pro-
teins, phosphorylated ERK1/2 MAPK, and p38 MAPK are shown in com-
parison to the medium control. The blot is representative for three di¡erent
experiments with comparable results.
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phosphorylation of several protein bands in comparison to
medium treated cells for the contact sensitizers and the thiol-
reactive chemicals but not the amino-reactive compounds. The
phosphorylation pattern induced by NHM and NEM resembled
the pattern induced by haptens with regard to the molecular
weight of several bands (Fig 7B). Only haptens and the thiol-
reactive compounds were able to induce phosphorylation of
ERK1/2 MAPK whereas activation of p38 MAPK was induced
by haptens but not NHM or NEM. Following stimulation with
2-iminothiolane some low but reproducible increase in phospho-
p38 became apparent. Expression of the src kinase Lyn was
monitored as control for protein loading and was found to be
comparable in all probes (data not shown).
DISCUSSION
In contrast to protein allergens contact sensitizers are character-
ized as reactive compounds that must bind to skin proteins in or-
der to be recognized by the immune system. Additionally, the
coupling of strong contact sensitizers leads to the induction of
signaling events in the cell. This could take place by activation
of the corresponding receptors, kinases, or other intermediate
components of de¢ned signaling cascades. The possible chemical
coupling mechanisms of haptens to proteins have been described
in detail (Roberts and Lepoittevin, 1998). Essentially, amino
groups as well as thiol groups should be involved. Although
some limited data have been presented for mercury compounds,
MCI/MI, and strong experimental contact sensitizers, systematic
studies on the preferential target structures of certain haptens or
hapten groups and their importance for cell activation are miss-
ing. The induction of increased tyrosine phosphorylation by
thiol-reactive compounds, but not sulfo-NHS and iminothio-
lane, suggests that the ability to couple to thiol groups is a prere-
quisite for a compound to resemble potent contact sensitizers
with regard to their capacity for activation of cells. In a ¢rst set
of experiments we used human monocytes as substitute for pro-
fessional antigen presenting cells because of their excellent re-
sponse to stimulation with haptens and their availability for £ow
cytometric analysis without any need for enrichment, subculture,
or stimulation with cytokines. Basic ¢ndings acquired for mono-
cytes were con¢rmed using mature mo-DC to demonstrate their
relevance for professional antigen presenting cells. Although epi-
dermal Langerhans cells are characterized as an immature dendri-
tic cell population we used mature mo-DC for our experiments
because these cells are superior to immature DC with regard to
cell number and purity of the populations harvested. In several
control experiments we found no signi¢cant di¡erences between
immature and mature DC in our experimental system.This miss-
ing correlation between the stage of maturation and induction of
tyrosine phosphorylation or activation of MAPK by contact sen-
sitizers is in good accordance with our former results on mono-
cytes, murine Langerhans cells, and other MHC class II positive
cell populations (Kˇhn et al, 1998; Neisius et al, 1999; Brand et al,
2002).
The reagents studied in this paper are in use in organic chem-
istry for ligation or blocking of free amino or thiol groups (sulfo-
NHS, NHM, NEM, iodoacetamide, sodium tetrathionate) as
well as introduction of free thiol groups instead of amino groups
(2-iminothiolane) (Donovan and Jennings, 1986; Mammoto et al,
1997; Meunier et al, 1999; Crow et al, 2001).We are not aware of
any clinical or experimental data on the sensitizing potency of
these compounds in the literature. In our experiments the ami-
no-group-speci¢c chemicals failed to induce any sensitization in
comparison to the strong contact sensitizer TNCB, whereas at
least half of the animals developed a convincing ear swelling fol-
lowing treatment with NHM. Irritation by haptens can play a
decisive role for the induction of contact hypersensitivity as well
as elicitation of allergic contact dermatitis (Grabbe et al, 1996).The
moderately irritant concentration of TNCB used for sensitization
in our experiments can be one reason for the distinct response of
all animals. The thiol- or amino-speci¢c reagents tested were
nonirritant. Therefore, in comparison to sulfo-NHS and imi-
nothiolane the moderately sensitizing e¡ect of NHM is not ex-
plained by a higher potential to irritate. On the other hand we
cannot exclude that the amino-group-speci¢c compounds may
sensitize in the presence of an adjuvant or if applied in di¡erent
vehicles or higher concentrations. Preliminary data on NEM de-
monstrated the need for a higher concentration for sensitization
in comparison to NHM (data not shown). Therefore, the reactiv-
ity to thiol or amino groups might be only one feature determin-
ing the sensitizing potential in vivo. Further systematic
experiments are planned that should show whether and under
what conditions sensitization to the amino- and thiol-reactive
compounds used in this study can be induced.
From experimental model systems on the immunogenic hap-
tenpeptide complexes recognized by trinitrophenyl-speci¢c T
cells it is well known that trinitrophenyl groups couple to lysin
residues within peptides in the binding groove of MHC class I as
well class II molecules (Martin et al, 1992; Ortmann et al, 1992;
Kohler et al, 1995). Our data show that, for initiation of early acti-
vation events like increased tyrosine phosphorylation of cell pro-
teins and production of IL-1b as an important functional result of
this activation, binding to thiol groups seems to be crucial. This
does not imply inevitably that these hapten-protein conjugates
are also the source of the peptides recognized ¢nally by T cells.
It is likely that both coupling mechanisms take place under phy-
siologic conditions and indeed a good reactivity to both amino as
well as thiol groups has been demonstrated for TNCB and other
experimental contact sensitizers (Parker et al, 1983). Therefore
cellular structures involved in each type of reaction seem to be
important for di¡erent parts of the sensitization process.
To obtain data on the reactivity of professional antigen present-
ing cells the initial biochemical experiments on monocytes de-
signed as control for the £ow cytometric analysis were
continued using mature mo-DC. The capacity of thiol-reactive
compounds as well as the failure of amino-reactive compounds
to induce tyrosine phosphorylation could be con¢rmed.
Although not identical, the pattern of phosphorylated proteins
in cells stimulated with strong sensitizers (MCI/MI and TNCB)
resembled the pattern seen for NHM and NEM with regard to
the molecular weight of some protein bands. The distinct pattern
even for strong contact sensitizers might re£ect di¡erences in the
a⁄nity for or access to target structures. The capacity of contact
sensitizers to activate p38 MAPK has been described before (Ar-
righi et al, 2001; Brand et al, 2002) and is con¢rmed in this pre-
sentation. Additionally we demonstrate an activation of ERK1/2
MAPK by the haptens studied as well as NHM and NEM but
not amino-reactive compounds. On the other hand the thiol-re-
active reagents failed to induce a phosphorylation of p38 MAPK
whereas a weak but reproducible phosphorylation of p38 was no-
ticed following stimulation with 2-iminothiolane. At present, we
have no explanation for the heterogeneous response of di¡erent
MAPK families. The regulation of p38 activation by haptens
seems to be more complex and less reliable for discrimination
from nonsensitizing compounds than supposed to date.
Further work has to identify the proteins modi¢ed at free thiol
groups by haptens and the molecular events responsible for the
initiation of intracellular signaling.
At present one can only speculate on these mechanisms. For
example, reaction with a thiol group might induce conforma-
tional changes in the structure of a receptor or receptor-associated
kinase. Alternatively, regulatory sites of kinases or phosphatases
might be blocked resulting in excess activity of the corresponding
signaling cascades.
Attempts to identify the proteins to which haptens have to
bind for initiation of activation might be more successful by fo-
cusing on proteins with such functionally relevant thiol groups.
In addition, it will be very interesting to know whether blocking
of these early events also prevents sensitization at all. This might
be a chance to develop new strategies for primary prevention of
contact hypersensitivity, especially occupational diseases.
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